Background-In vitro studies have suggested an important role for the endothelium in the control of pulmonary vascular tone, but endothelium dependent and independent relaxation of pulmonary arteries have not been studied in children in vivo.
Healthy vascular endothelium is known to produce a relaxing factor that exerts important control over local vasomotor tone, ' 2 and that mediates the vasorelaxant action of endogenous vasodilators such as acetylcholine. In lambs, endothelium derived relaxing factor in part mediates the low resistance of the pulmonary circulation.' 4 Study of human pulmonary arteries in vitro also suggests that endothelium maintains low resistance by secretion of relaxing factor (or factors),5 but such arteries may still dilate in response to acetylcholine or adenosine diphosphate.67 Despite this, apart from two preliminary reports on adult subjects,89 in vivo data on the role of pulmonary endothelium in modulating vascular tone in human subjects are lacking.
A potential role for endothelial dysfunction as an early event in the pathophysiology of pulmonary vascular disease has been postulated,10 and structural abnormalities of endothelial cells have been shown in the first years of life in children with congenital heart disease and pulmonary hypertension." An in vivo test of pulmonary endothelial function would permit study of the role of endothelial dysfunction in the pathogenesis of pulmonary hypertension in various clinical settings. We therefore studied the response of the pulmonary circulation to endothelium dependent and independent vasodilators in children with normal pulmonary haemodynamics.
Patients and methods

PATIENTS
As normal children do not undergo cardiac catheterisation, we selected for study 10 children aged four to 16 years with congenital heart disease that did not alter their pulmonary haemodynamics. Six children had mild left heart obstructive lesions, such as aortic stenosis or coarctation, three had tiny intracardiac defects with no detectable left to right shunt, and one child had a fistula from the left coronary artery to the left atrium. These patients had each had echocardiography, and underwent cardiac catheterisation as part of their further management, at the discretion of their consultant cardiologist. In all 10 patients the mean pulmonary artery pressure was < to compare measurements of flow velocity or diameter before and after infusions, and statistical significance was inferred at p < 0 05.
Results
Ten (five boys, five girls) children aged four to 16 (mean 9 (1)) years were studied. Pulmonary to systemic flow ratio was 1 0 in all, mean pulmonary artery pressure was 11(1) mm Hg, and pulmonary resistance index was 1 0 (0 1) units m.' Mean systemic arterial pressure was 65 (4) mm Hg.
HAEMODYNAMIC AND RESPIRATORY
MONITORING
In nine of 10 patients, the heart rate, arterial blood gas measurements, and systemic arterial and pulmonary arterial pressures remained constant throughout the infusion. In one control patient all variables were stable until the third minute of the nitroprusside infusion, at which time systemic hypotension and tachycardia were noted; these values returned promptly to normal when infusion of the drug was stopped. Therefore analysis of response to nitroprusside was based on only nine patients. All patients tolerated the procedure well.
ARTERIAL DIAMETER
The diameter of the segments analysed varied from 2d1 to 10-5 mm (5-3(0 8) mm). The diameter did not change significantly during any of the acetylcholine infusions; after 10-6 M, the diameter was increased by 1% (1%) (range 2 to 7) compared with the baseline value (NS). During nitroprusside infusion there was a small but significant increase in diameter (5%(1%), range 1 to 12, p < 0 05 compared with baseline). There was no significant relation between the size of the vessel measured and the increase in flow velocity to acetylcholine (r = 040) or nitroprusside (r = 0A43).
Discussion
This study shows that endothelium dependent and independent vasodilatation occur in the lungs of children with normal pulmonary haemodynamics. Given that there was almost no change in segmental artery diameter in response to acetylcholine but a large increase in flow velocity, the most important site of endothelial dependent pulmonary artery relaxation must be distal to the large arteries. Preliminary reports from two groups studying pulmonary haemodynamics in adults also found that diameter of the conduit pulmonary arteries did not change in response to 
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Figure 4 Changes in pulmonary arterialflow velocity in response to three doses of acetylcholine (ACh 8, 7, and 6 equal to estimated local concentrations of 10 8, 10-7 , and 106 M) and to nitroprusside (NP). 4 .p < 0 01.
infusions of acetylcholine or nitroprusside.'°" The lack of substantial increase in the diameter of a large artery after vasodilator infusions in vivo compared with in vitro studies on human pulmonary artery rings6 12 is probably because in vitro investigators have preconstricted the vessels to elicit a vasodilator response. This in vivo method for the study of endothelial function is similar to that described by several groups to study the coronary circulation.2 13 14 All patients were catheterised under local anaesthetic to avoid any potential influence of anaesthetic agents on pulmonary endothelial function,15 and long infusion times were chosen to ensure that any transient effect of contrast material on the endothelium would have worn off;'6 use of diluted contrast at normal osmolarity minimised these effects, and in our pilot studies, injection of contrast caused a reversible rise in flow velocity that returned to baseline values within 60 seconds. The use of a 3F Doppler intra-arterial catheter has previously been shown to be non-obstructive to flow, safe, and reliable. ' The maximum increases induced in pulmonary blood flow in our children (about 90% with acetylcholine and 50% with nitroprusside) are similar to the maximum relaxation that has been found in response to these agents in isolated pulmonary arteries from normal subjects studied in vitro (about 80% and 40%).7 Both in vivo and in vitro, vasodilatation was greater in response to acetylcholine than to nitroprusside. This may be because nitroprusside is a relatively weak stimulator of pulmonary vascular smooth muscle compared with endothelium dependent relaxing factor, the endogenous nitrovasodilator, or that (at least in vivo) the dose schedule elicited the maximal responses to acetylcholine, but a submaximal response to nitroprusside; for nitroprusside the dose range is limited by its powerful systemic vasodilator effect.
The availability of an in vivo test of endothelial function in children may permit further study of the role of endothelial dysfunction in the pathogenesis of pulmonary vascular disease. We are therefore currently studying endothelial function in children with abnormal haemodynamics secondary to congenital heart disease. This work is supported by a grant from the British Heart Foundation. We thank Mary Jane Potter for her secretarial assistance.
